The COP10-DET1-DDB1 (CDD) complex is an evolutionarily conserved protein complex discovered for its role in the repression of photomorphogenesis in Arabidopsis. It is important in many cellular and developmental processes in both plants and animals, but its molecular mode of action remains poorly understood. Here, we show that the CDD component DET1 possesses transcriptional repression activity and physically interacts with two closely related MYB transcription factors, CCA1 and LHY, which are core components of the plant circadian clock. DET1 associates with the promoter of CCA1/ LHY target genes, such as TOC1, in a CCA1/LHYdependent manner and is required for their repression, suggesting a recruitment of DET1 by the central oscillator components to regulate the clock. Our results reveal DET1 as a core transcriptional repression factor important for clock progression. Overall, the CDD complex may function as a transcriptional corepressor in diverse processes through direct interaction with distinct transcription factors.
INTRODUCTION
The nine CONSTITUTIVE PHOTOMORPHOGENIC/DE-ETIO LATED/FUSCA (COP/DET/FUS) proteins are evolutionarily conserved regulators that are important in diverse cellular and developmental processes (Schwechheimer and Deng, 2000; Sullivan et al., 2003; Wei et al., 2008; Yi and Deng, 2005) . These proteins were originally identified as repressors in seedling photomorphogenesis by genetic screens for Arabidopsis mutants displaying light-grown phenotypes in the dark and were later found in many eukaryotes, including humans. In the light signaling pathway of plants, this group of proteins integrates light signals perceived by various photoreceptors and is important for the proteolysis of photomorphogenesis-promoting transcription factors, such as ELONGATED HYPOCOTYL 5 (HY5) (Hoecker, 2005; Osterlund et al., 2000) . Biochemical and genetic evidence has defined the COP/DET/FUS proteins as components of three distinct biochemical entities-the COP1 complex, the COP9 signalsome (CSN), and the COP10-DET1-DDB1 (CDD) complex-and revealed their close tie to the ubiquitin (Ub)-proteasome system (Wei et al., 2008; Yanagawa et al., 2004; Yi and Deng, 2005) . While COP1 acts as an E3 Ub ligase and the CSN is a general regulator for all cullin-RING E3 ligases (CRLs), the molecular role of the CDD complex has remained unclear.
The Arabidopsis CDD complex consists of COP10, DET1, and DDB1, and a similar complex is also present in humans (Pick et al., 2007; Schroeder et al., 2002; Yanagawa et al., 2004) . In plants, besides its role in seedling photomorphogenesis, the CDD complex is likely involved in other processes, as mutations in DET1 or COP10 result in pleiotropic phenotypes (Chory et al., 1989; Wei et al., 1994) . Further, various cellular and developmental defects in social amoeba, fruit flies, and mammals were observed when orthologs of the genes were mutated (Berloco et al., 2001; Dubin et al., 2011; Plafker et al., 2008) . These observations suggest that the CDD complex may play a fundamental role in signal transduction and/or gene regulation. Two of the CDD components, COP10 and DDB1, are established members of the ubiquitin system. COP10 is a Ub E2 variant (UEV), which has no E2 activity, but COP10 can enhance the activity of other E2s (Lau and Deng, 2009; Suzuki et al., 2002; Yanagawa et al., 2004) . DDB1 is the core adaptor component of the CULLIN4 (CUL4)-based E3 Ub ligase, a member of the CRL family (Jackson and Xiong, 2009 ). It acts as a linker that connects diverse WDXR motif-containing DWD/DCAF/CDW substrate receptors to the CUL4 scaffold. DET1, on the other hand, is a nuclear protein with no recognizable domains (Pepper et al., 1994) . Through DDB1, CDD can associate with CUL4 and RBX1 to form a CUL4-based E3 ligase (Chen et al., 2006; Pick et al., 2007) . However, it is unclear whether COP10 and DET1, which are not conventional DDB1-interacting DWD proteins, can serve as bona fide substrate receptors. In the context of a CUL4-based E3 ligase, human DET1 has been shown to act as another linker protein that connects the substrate adaptor COP1 to the CUL4A-DDB1 core (Wertz et al., 2004) . However, in Arabidopsis, DET1 does not appear to serve this function (Chen et al., 2010) . Further, DET1 may be involved in the regulation and/or function of some CUL4-based ligases (Castells et al., 2011; Pick et al., 2007) . Besides the connection to the ubiquitin system, DET1 has been implicated in chromatin regulation. DET1 associates with the histone gene cluster in Drosophila embryos and has been shown to interact with the nonacetylated tail of histone H2B in plants (Benvenuto et al., 2002; Berloco et al., 2001 ). However, the significance of DET1's role in transcriptional regulation remains to be explored.
In this study, we demonstrate that DET1 can function as a transcriptional corepressor and is involved in transcriptional repression in the central circadian clock of Arabidopsis. The circadian clock is an endogenous, approximately 24 hr timekeeper in living systems that provides adaptive advantage and, in most organisms, is based on interlocked negative feedback loops of transcriptional activators and repressors (Zhang and Kay, 2010) . In plants, the central loop operates through the reciprocal regulation between two morning-phased, partially redundant MYB transcription factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), and the evening-phased pseudoresponse regulator TIMING OF CAB EXPRESSION 1 (TOC1) (Harmer, 2009; McClung and Gutié rrez, 2010) . CCA1 and LHY are the transcriptional repressors in the loop, and they bind to the promoter of TOC1 and negatively regulate its transcription (Alabadí et al., 2001; Schaffer et al., 1998; Wang and Tobin, 1998) . On the other hand, TOC1 indirectly promotes the expression of CCA1 and LHY, partly through a CCA1-binding transcription factor, CCA1 HIKING EXPEDITION (CHE) (Alabadí et al., 2001; Pruneda-Paz et al., 2009 ). Although it is conceivable that in mediating the transcriptional repression, CCA1 and LHY would recruit additional cellular factors, little is known about their identity. Here, we show that DET1 can direct transcriptional repression and, through a hypothesis-driven approach, identify a physical interaction between DET1 and both CCA1 and LHY. Our data support a model in which DET1 is recruited by CCA1 and LHY to their target genes, including TOC1, and mediates their repression for proper clock progression. These results not only establish DET1's role in transcriptional control, but also demonstrate a direct involvement of DET1 in the central circadian clock and offer insights into the mechanism of clock progression.
RESULTS

DET1 Possesses Transcriptional Repression Activity
To test if DET1 has a direct effect on transcription, we first performed a transcriptional assay in yeast ( Figure 1A ). In this system, the transcriptional reporter, SS38, contains a b-galactosidaseencoding lacZ gene, which is driven by two active GCN4 promoters and can be modulated through the Gal4 operators (Gal4op) ( Figure 1A ). We fused DET1 to the Gal4 DNA binding domain (Gal4DBD) and expressed it in a SS38-containing yeast strain. As shown in Figure 1A , the presence of Gal4DBD-DET1 resulted in a 40% reduction in reporter activity compared with the Gal4DBD control, suggesting that DET1 can repress transcription. A similar reduction was observed when we used LUG, a well-characterized transcriptional corepressor in plants (Sridhar et al., 2004) , as a positive control. To further confirm the repression activity and test the other components of the CDD complex, another yeast transcriptional assay system was employed. Similar to the results above, expression of LexA-DET1 caused a 40% decrease in the activity of a LexA operator (LexAop)-dependent reporter, JK1621, compared with the LexA alone control ( Figure 1B , gray bars). The effect of DET1 is also specific as the repression activity of LexA-DET1 in the control reporter, pLGD312S, which lacks LexAops, was similar to its LexA counterpart ( Figure 1B , white bars). COP10 and , or no operator (pLGD312S in B) upstream. In (A), the reporter was integrated into the yeast genome and plasmids encoding Gal4-DNA binding domain (Gal4DBD) alone (negative control) and Gal4DBD fused with DET1 or LUG (positive control) were independently transformed into yeast. b-galactosidase activities with the different effectors are shown (mean ± SD; n R 6). In (B), the two reporters were cotransformed with different LexA-fusion proteins. pLGD312S is a control reporter for detecting potential effector's nonspecific activity, while LexA alone acts as a negative control. Reporter activities were measured as in (A). (C) Transient transcriptional repression assays in plants with a luciferase (LUC) reporter driven by a minimal CaMV 35S promoter (m35Spro) with or without Gal4ops upstream. The reporter vectors also contain a 35S-driven Renilla luciferase (REN) for signal normalization. The reporters were cotransformed independently with a plasmid containing either the GAL4DBD alone or GAL4DBD-DET1 into the leaves of Nicotiana benthamiana. Activities of firefly luciferase (LUC) normalized to Renilla luciferase (REN) are shown (mean ± SD; n R 4). Activities with the control effectors: Gal4DBD alone (A and C) or LexA alone (B), are set to 1. DDB1a, however, do not appear to repress transcription. The enhancement observed in DDB1a may be due to its interaction with a transcriptional activator(s) in yeasts. Besides its likely recruitment of an array of CUL4 substrate receptors, many of which may play a role in chromatin regulation, DDB1 has been shown to associate with the STAGA coactivator complex in human cells (Jackson and Xiong, 2009; Martinez et al., 2001) . Finally, the in planta transcriptional repression activity of DET1 was tested in a transient dual luciferase assay in Nicotiana benthamiana ( Figure 1C ). In this assay, the firefly luciferase reporter was driven by the minimal 35S promoter (m35S) with or without two copies of Gal4op. As shown in Figure 1C , Gal4DBD-DET1 caused a 70% reduction in the Gal4op reporter activity compared with the Gal4DBD control. Also, the control reporter without Gal4ops indicates that the repression is specific. Taken together, the results suggest that DET1 can suppress transcription when recruited to promoters.
DET1
Interacts with Two Closely Related MYB Transcription Factors, CCA1 and LHY, which Are Central Clock Components Since neither DET1 nor the other components of the CDD complex contain any DNA-binding domain, we further hypothesized that, to exert its effect on transcription, the CDD complex must be recruited to target promoters through interaction of its components with specific transcription factors. In search of interacting partners, we looked for clues from a classic lightactivated gene, CHLOROPHYLL A/B-BINDING PROTEIN 2 (CAB2 or Lhcb1*1). CAB2 is overexpressed in dark-grown det1 mutants and it has been suggested that DET1 mediates its regulation on CAB2 via the transcription factors, HY5 and CCA1 (Maxwell et al., 2003; Pepper et al., 1994) . Thus, we speculated that DET1 might directly regulate CAB2 through interaction with HY5 and/or CCA1.
To test for interaction between DET1 and the two transcription factors, we performed an in vitro pull-down assay between recombinant His-DET1 and GST-tagged HY5, CCA1 and another light-regulated transcription factor, HFR1, which works downstream of the COP/DET/FUS proteins and may be a potential interactor of DET1 (Jiao et al., 2007) (Figure 2A ). We found that DET1 can directly interact with CCA1 and, to a lesser extent, HFR1, but not HY5. To further confirm the DET1-CCA1 interaction and identify the interacting domains on the two proteins, yeast two-hybrid assays were carried out ( Figure 2B ; see Figure S1A available online). Using a series of deletion constructs of DET1, the CCA1-interacting domain on DET1 was mapped to its N-terminal end, encompassing its 26th to 87th amino acid (aa) residues ( Figure 2B ). Interestingly, neither full-length DET1 nor its three larger fragments, 1-246, 88-397, and 247-541 aa, showed positive reporter activities. Rather, their activities were even lower than the LexA alone control. Since yeast two-hybrid is a transcription-based assay, we attribute this to the transcriptional repression activity in the full-length and the three fragments of DET1. Using the mapped N-terminal end of DET1 (26-87 aa), we performed a reverse in vitro pull-down assay using a GSTtagged version of the DET1 fragment against either His-T7-tagged CCA1 or LHY ( Figure 2C ). This short 61 aa long peptide of DET1 was able to pull down both CCA1 and LHY, supporting the yeast two-hybrid results. Further in vitro pull-down assays with COP10 also suggest that COP10 can interact with CCA1 and LHY ( Figures S1B-S1D ). Next, we tested in vivo interaction between DET1 and the two transcription factors. Bimolecular fluorescence complementation (BiFC) assays in N. benthamiana leaves demonstrate a direct interaction between DET1 and CCA1 in the nucleus of plant cells, where coexpression of YFP n -DET1 and CCA1-YFP c reconstituted a functional YFP but controls did not ( Figure 2D ). Similarly, firefly luciferase complementation imaging (LCI) assays gave further evidence for an interaction between DET1 and both CCA1 and LHY in vivo, where in this case, the activity of luciferase (LUC) activity was reconstituted ( Figure 2E ). Also, the DET1-interaction domain on CCA1 is likely within its N-terminal half ( Figure 2F and Figure S1A ). These in vitro and in vivo results identify the two transcription factors, CCA1 and LHY, as direct interacting partners of DET1.
DET1 Binds to CCA1-and LHY-Controlled Genes
The interaction between the DET1 subunit of the CDD complex and the two core oscillator components, CCA1 and LHY, suggests that DET1 may be one of the factors that CCA1 and LHY recruit for transcriptional repression in the circadian clock. As mentioned earlier, in the central loop, CCA1 and LHY bind to the promoter of TOC1 and negatively regulate its expression (Alabadí et al., 2001) . Since DET1 has transcriptional repression activity and interacts with both CCA1 and LHY, we suspected that DET1 might contribute to the repression function of CCA1 and LHY on TOC1 and other CCA1/LHY-regulated genes and play an active role in the plant circadian clock.
We first tested whether DET1 can associate with the promoter of TOC1 and GIGANTEA (GI), another important clock gene, and likely an evening-loop component, that CCA1 and LHY may bind and repress (McClung and Gutié rrez, 2010; Park et al., 1999) . The promoters of TOC1 and GI, along with many eveningphased genes, contains a sequence motif, the evening element (EE), that CCA1 and LHY can recognize and bind (Alabadí et al., 2001) . Through chromatin immunoprecipitation (ChIP)-PCR, a specific binding of DET1 to the EE-containing region of TOC1 and GI promoter was detected ( Figure S2A ). As a positive control, LHY also binds to the same regions with stronger detectable signal, as expected for a direct interaction. Because expression of CCA1 and LHY oscillates, highest at dawn and lowest at dusk (Schaffer et al., 1998; Wang and Tobin, 1998) , we examined if DET1 binding on the TOC1 promoter exhibits a similar oscillation through ChIP followed by quantitative real-time PCR (ChIPqPCR), as the qualitative PCRs in Figure S2A likely did not provide enough resolution. From the quantitative analysis, binding of DET1 to the TOC1 promoter was most evident at zeitgeber time 0 (ZT0) (subjective dawn; white bars), while at ZT12 (subjective dusk; gray bars), the ChIP signal was reduced to a level slightly above background ( Figure 3A ). This pattern correlates with the rhythmic expression of CCA1 and LHY. The reduction in binding is also promoter-specific as the signals at the 3 0 untranslated region (UTR) of TOC1 at ZT0 and ZT12 did not exhibit the change and were at a low level. To test the dependency of DET1 binding to the TOC1 promoter on CCA1 and LHY, an anti-DET1 ChIP with a cca1 lhy double mutant was also performed. Consistent with our model, the signal on the TOC1 promoter in the double mutant was the lowest and was at a level comparable to that of Col ZT12, indicating a lack of binding ( Figure 3A , black bars). These ChIP results suggest that DET1 can bind to direct targets of CCA1 and LHY, and the binding, at least for TOC1, is CCA1 and LHY dependent.
DET1 Represses Targets Genes of CCA1 and LHY for Their Normal Progression
We next examined the effect of DET1 on the transcription of CCA1/LHY-regulated genes. By using the in planta transcriptional assay described earlier, we found that overexpression of DET1 resulted in a 70% reduction in the activity of an EEregulated reporter, while having a modest effect on the control ( Figure 3B ). DET1 also had a similar negative effect on a reporter driven by the TOC1 promoter. These data suggest that DET1 can mediate its transcriptional repression activity on the target genes of CCA1 and LHY. Subsequently, we studied how DET1 affects the transcription of endogenous CCA1/LHY-controlled genes, TOC1 and GI ( Figures 3C and 3D ). The two genes exhibit circadian cycles of transcription and peak in the evening. Loss-offunction mutations in CCA1 and LHY cause an early shift in the peak and a shorter period in both TOC1 and GI expression (Mizoguchi et al., 2002) . To test if a similar pattern happens when DET1 is lost, we analyzed the circadian profile of these two clock genes in a moderate loss-of-function mutant of DET1, det1-1, which produces $2% of wild-type (WT) transcript (Pepper et al., 1994) . As shown in Figures 3C and 3D , in WT seedlings, expression of TOC1 and GI peaked at ZT 12 and 8, respectively, which is consistent with the previous report (Mizoguchi et al., 2002) . In det1-1, however, the expression peak of the two genes shifted earlier and their period was shortened. These changes in the circadian profile of TOC1 and GI in det1-1 closely resemble that in the cca1 and lhy mutants (Mizoguchi et al., 2002) . We also examined if this may be due to altered stability of CCA1 and LHY proteins in det1-1, which was suggested by another study (Song and Carré , 2005) . However, our in vivo examination S3 ) (comparison of CCA1 was between CCA1-OX and CCA1-OX;det1-1 due to difficulties in its detection at WT level). Rather, a forward shift in the circadian profile of LHY protein in det1-1 was detected and is likely due to a similar shift in its mRNA, which was also observed in CCA1 ( Figures S2C and S2D ). We speculate that the shift in CCA1 and LHY expression may be due to the corresponding shift in the circadian profiles of TOC1 and GI or the proposed negative autoregulatory feedback loop of CCA1 and LHY, which might also require DET1 function (Schaffer et al., 1998; Wang and Tobin, 1998) . These results, along with the above data, indicate that DET1, CCA1, and LHY work cooperatively in regulating the expression of CCA1/LHY target genes and it is likely the activity, rather than any stabilizing effect, of DET1 that is important for the functional consequences of the interaction.
DET1 Is Important for CCA1 Function in the Circadian Clock
To address how important DET1 is to the function of CCA1, we further analyzed if the dominant gain-of-function phenotypes in CCA1-overexpression lines (CCA1-OX) can be suppressed in the det1-1 background (Maxwell et al., 2003; Wang and Tobin, 1998) . Overexpression of CCA1 by the constitutive CaMV 35S promoter disrupts the daily oscillation of TOC1 expression and results in a constant low level of TOC1 transcripts ( Figure 4A , compare gray and black plots) (Alabadí et al., 2001 ). In the det1-1 background (CCA1-OX;det1-1), however, we found that the repressive effect of CCA1 observed in CCA1-OX is considerably alleviated, indicating that CCA1 is not fully functional without DET1 ( Figure 4A , compare green and black plots). A similar derepression effect of CCA1-OX in det1-1 background was also observed in GI expression ( Figure 4B ). These data support that the transcriptional repression activity of CCA1 depends on the level of DET1. Importantly, the protein level of CCA1 in CCA1-OX and CCA1-OX;det1-1 remains similar, again indicating that DET1 does not alter the protein level of CCA1 (Figure S3) . As a result of a disruption in the circadian rhythm, lightgrown CCA1-OX seedlings develop long hypocotyls and the adult plants show a substantial delay in flowering (Wang and Tobin, 1998 ). Both of these gain-of-function phenotypes were largely suppressed in the det1-1 background. While the delay in flowering was substantially less severe but still evident, the hypocotyl length defect was rescued fully (Figures 4C and 4D ). From these molecular and phenotypic analyses, we conclude region of TOC1 (TOC1 3 0 UTR) (control). Signals were normalized to the input DNA (mean ± SD; n R 3). Ab: antibody.
(B) Transient transcriptional repression assays in plants for DET1 effect on an EE-containing reporter (2xEE) and a TOC1 promoter-driven reporter (TOC1 Pro). Assays were carried out as in Figure 1C . Relative reporter activities (LUC/REN) with the indicated effectors are shown (mean ± SD; n R 4). Activities of reporters with the control effector, Gal4DBD, are set to 1. (C and D) Circadian rhythms of TOC1 (C) and GI (D) expression in WT (Col) and det1-1 under continuous light (LL). Plants were grown with long day cycles (16L8D) for 8 days and then released to LL. RNA levels were quantified by TaqMan real-time RT-PCR, and signals were normalized to 18S (mean ± SD; two biological and two technical replicates).
that DET1 is important for the function of CCA1 and the proper progression of the plant circadian clock.
DISCUSSION
We demonstrate here that DET1 can repress transcription, physically interacts with the core circadian clock components, CCA1 and LHY, for binding and repressing CCA1/LHY target genes, and is required for the gain-of-function phenotypes in CCA1-overexpression lines, suggesting a direct involvement of DET1 in mediating the transcriptional repression in the circadian clock. Based on the molecular and genetic data, we propose a model where DET1, possibly in the form of a CDD complex, is recruited by the morning-phased CCA1 and LHY through direct interaction at dawn ( Figure 5 ). The recruitment brings the transcriptional repression activity of DET1 to the evening-phased CCA1/LHY target genes, such as TOC1 and GI, and represses their expression. In the evening, the levels of CCA1 and LHY drop, which leads to a decrease in the binding of the CDD complex on TOC1 and the evening-phased genes and an increase in their transcription. High levels of TOC1 in turn activate CCA1 and LHY and the cycle repeats. This functional interaction between DET1 and the central clock components identifies DET1 as an important factor in the circadian clock and illustrates DET1's role as a transcriptional corepressor. Although our results show that DET1 plays an important role in the circadian rhythm, the use of the intermediate det1-1 mutant likely did not reveal the full extent of DET1's effect in this process. The shortened period of circadian rhythms of TOC1 and GI in det1-1 is more similar to the single mutants of cca1 and lhy than to the cca1 lhy double mutant, which displays a more dramatic shortening of period and eventual dampening of rhythms ( Figures 3C and 3D) (Mizoguchi et al., 2002) . The milder circadian defect in det1-1 could be due to the presence of a low level of DET1, which may still partially support the function of CCA1 and LHY. Alternatively, other unknown corepressors may contribute to the transcriptional repression. Although technically challenging, analyzing the circadian rhythm in seedlinglethal null mutants of DET1 would help clarify the situation.
The derepression of TOC1 and GI expression observed in CCA1-OX;det1-1 clearly shows a requirement of DET1 in mediating the repression function of CCA1 ( Figures 4A and 4B) . However, the circadian profiles of the evening genes do not resemble those in WT or det1-1, and they fluctuated around the mid-level between the peak and trough of WT expression with reduced amplitudes. The inability of det1-1 to restore circadian oscillation of TOC1 and GI indicates that the effect of overexpression of CCA1 was not fully suppressed, resulting in a reduced gain-offunction phenotype. Again, this may be explained by a residual amount of DET1 protein present in det1-1 or other corepressors that support CCA1 function. Another possible explanation is the likely continual occupancy of TOC1 and GI promoters by CCA1, which may hinder binding and/or function of other transcriptional regulators necessary for normal expression. Since the CDD complex plays a central role in the light signaling pathway, it is appealing to hypothesize that the DET1-CCA1/LHY interaction might act as an integration point that connects light signals to the clock. However, unlike COP1, the CDD complex has not been shown to be light-regulated in its localization or activity, and transcript and protein levels of DET1 are not regulated by light (Pepper et al., 1994 ) (data not shown). Thus, it remains to be explored whether light signals can modulate the circadian clock through DET1 or the CDD complex. We also tested whether expression of DET1 might oscillate, potentially adding a layer of control of DET1 function in the clock, but no circadian rhythm of transcript or protein levels was detected ( Figure S4 ). This suggests that transcriptional repression of CCA1/LHY targets by DET1 is regulated through the abundance of CCA1 and LHY, as proposed in our model. Another possibility is a time-dependent change in the affinity in the DET1-CCA1/LHY interaction, but it was not tested in this study. Interestingly, it was recently noted that transcripts of the ortholog of DET1 in Ostreococcus tauri, a marine phytoplankton, showed a weak oscillating pattern with peaks during the day (Monnier et al., 2010; van Ooijen et al., 2011) . Although further studies will be needed to establish a role of Ostreococcus DET1 in the circadian clock, control of DET1 level may indeed be employed by the primitive plants in regulating the clock.
Our findings that DET1 can act as a transcriptional corepressor offer insights into its role and importance in both plants and animals. In the light-signaling pathway, DET1, possibly in the context of a CUL4-CDD E3 ligase, may repress light-activated genes through a recruitment by the light-regulating transcription factors, such as CCA1 and LHY. One such example may be CAB2, where DET1, via its interaction with CCA1, may directly repress the light-activated CCA1 target gene. This additional mode of regulation by the COP/DET/FUS proteins at the transcriptional level, together with proteolysis of photomorphogenesis-promoting transcription factors at the posttranslational level, could ensure tight control of photomorphogenic development in darkness (Jiao et al., 2007; Sullivan et al., 2003) .
Besides the involvement of the CDD complex in light signaling, mutants of DET1 and COP10 also display severe and pleiotropic phenotypes, such as adult lethality in strong mutants, and early flowering in short day (SD), dwarfism, and loss of apical dominance in det1-1 (Pepper et al., 1994; Pepper and Chory, 1997; Wei et al., 1994) . Since the circadian clock regulates the transition to flowering, and mutants of CCA1 and LHY also flower early in SD (de Montaigu et al., 2010; Mizoguchi et al., 2002) , the disruption of the functional interaction between DET1 and CCA1/LHY in the circadian clock in det1-1 may underlie its early flowering phenotype. However, with the many mutant phenotypes beyond light and circadian defects, it is plausible that the CDD complex is recruited broadly by additional transcription factors, and act as a general transcriptional corepression complex in other cellular and developmental processes. Furthermore, because DET1 is highly conserved in eukaryotes, we speculate that orthologs of Arabidopsis DET1 might function in a similar manner. Indeed, in Drosophila, DmDET1/ABO was found to bind to the promoters of histone genes and its mutants accumulate higher level of the transcripts (Berloco et al., 2001) . Future efforts to identify DET1-interacting transcription factors in plants and different organisms will likely reveal more life processes that are controlled by DET1 and the CDD complex.
EXPERIMENTAL PROCEDURES Plant Materials and Growth Conditions
The WT Arabidopsis ecotype used in this study is Columbia-0 (Col). The mutant lines: det1-1 (Pepper et al., 1994) , cca1-11 lhy-21 double mutant (ecotype Ws) (Hall et al., 2003) , CCA1-OX (Wang and Tobin, 1998) , and CCA1-OX;det1-1 (Maxwell et al., 2003) were previously described. For ChIP assays and hypocotyl measurements, seedlings were grown on MS plates under long-day conditions (LD; 16 hr light/8 hr dark) in a growth chamber at 21 C. For circadian rhythm experiments under continuous light (LL), seedlings were first grown in LD for 8 days and then transferred to LL at dawn (Mizoguchi et al., 2002) . For flowering time measurements, plants were grown on soil under LD.
Yeast Transcriptional Repression Assays
For the Gal4-based assays, the DET1 effector was constructed by cloning its full-length cDNA into the pMAN vector. pMAN-LUG was kindly provided by Z. Liu. These constructs were transformed into the yeast strain 122 carrying the reporter SS38 (Saha et al., 1993) . For the LexA-based assays, LexA fusion constructs were constructed with the pLexA vector. The two reporters, pLGD312S and JK1621, are previously described (Guarente and Hoar, 1984; Keleher et al., 1992) . The repression assays were carried out according to previous reports (Mosher et al., 2006; Sridhar et al., 2004) . Quantitative b-galactosidase activity was assayed with the yeast b-galactosidase assay kit (Thermo Scientific). At dawn, the morning-expressed CCA1 and LHY physically interact with DET1, likely in the form of the CDD complex, and recruit it to their evening-phased gene targets, such as TOC1. The CDD complex then exerts its repression activity on these CCA1/LHY targets and suppresses their expression. Gradual reduction in the level of CCA1 and LHY throughout the day reduces the association of the CDD complex on the genes and allows accumulation of TOC1 transcripts, which peak at dusk. TOC1 in turn induces expression of CCA1 and LHY, where their proteins reach their peak at dawn, and the cycle continues. CHE, a CCA1-binding transcription factor, forms a reciprocal negative loop with CCA1. TOC1 can directly interact with CHE and antagonize its repression on CCA1.
Transcriptional Repression Assays in Plants
The transient transcriptional repression assays in the leaves of N. benthamiana were performed based on a previous report (Hellens et al., 2005) . The various reporters were constructed by cloning regulatory sequences: m35Spro (À67 to +8), Gal4op-m35Spro [Gal4op: 2x17MX (Webster et al., 1988) ], 2xEE-m35Spro (2xEE: 2xCTGTGATTCTGCAGTTTTTTTGTGT) and TOC1pro (1009 bp fragment upstream of ATG), into the multiple cloning site of the reporter vector, pGreenII 0800-LUC, which drive transcription of a firefly luciferase (LUC) (Hellens et al., 2005) . The reporter vector also contains a 35S-driven Renilla luciferase (REN), allowing signal normalizations. Effector constructs were constructed with the pPZPY122 plasmid. The reporter activities (LUC/REN) were measured with the Dual-Luciferase Reporter (DLR) assay system (Promega) on a GloMax 20/20 luminometer (Promega).
In Vitro Pull-Down Assays
The bacterial expression vectors for GST-HY5, CCA1, and HFR1 are described previously Wang et al., 1997; Yang et al., 2005) . Full-length DET1, CCA1, and LHY cDNAs were cloned into pET-28a, generating N-terminal His-T7-tagged fusions. Expression vector for GST-DET1(26-87 aa) was generated by cloning a corresponding DET1 cDNA fragment into pGEX-4T-1. Recombinant proteins were purified as described, except that His-DET1 was purified from ArcticExpress RIL cells (Stratagene) (Lau and Deng, 2009 ). For pull-down assays, purified His-fusion proteins were incubated with either GST or GST fusion proteins in GST binding buffer (20 mM Tris/HCl [pH 7.5], 150 mM NaCl and 0.1% Nonidet P40) for 2 hr at 4 C. Glutathione-Sepharose 4B beads (GE Healthcare) were then added and the mixture were incubated for 1 hr. After washing the beads three times with the GST binding buffer, bound proteins were eluted in 2 3 SDS loading buffer and analyzed by western blotting with anti-DET1 (Chen et al., 2010) , anti-T7 antibody (Novagen) or anti-GST antibody (GE Healthcare).
Yeast Two-Hybrid Assays
Full-length and various fragments of DET1 cDNA were cloned into pEG202 as bait constructs, while full-length CCA1 cDNA was cloned into pJG4-5 as a prey construct. The two-hybrid interaction assays were performed as described previously (Chen et al., 2006) . Quantitative b-galactosidase activity was assayed with the yeast b-galactosidase assay kit (Thermo Scientific).
Bimolecular Fluorescence Complementation Analysis
Full-length DET1 and CCA1 were cloned into the binary pBiFC vectors containing either N-or C-terminal fragments of yellow fluorescence protein (YFP; YFP N and YFP C ) (de Lucas et al., 2008) . Transient BiFC assays in N. benthamiana were performed according to our previous report (Feng et al., 2008) .
Firefly Luciferase Complementation Imaging Assays
Full-length CCA1, LHY, and fragments of CCA1 were cloned into 35S::NLuc, while full-length DET1 was cloned into 35S::CLuc . Transient LCI assays in N. benthamiana were performed as described previously . Luciferase signals were viewed in an IVIS 200 optical imaging system (Caliper LifeSciences) and quantified with the Living Image 4.0 software.
ChIPs and Quantitative/Qualitative PCR Amplifications
Chromatin isolation was performed with 5 g of whole Arabidopsis seedling tissues according to a previous report (Bowler et al., 2004) . The resuspended chromatin pellet was sonicated with a Bioruptor UCD 200 (Diagenode) at high intensity for 10 min (cycles of 30 s on and 30 s off) at 4 C. The sheared DNA was approximately 0.3-0.8 kb in length. Immunoprecipitation was carried out with either anti-DET1 (Chen et al., 2010) , anti-LHY (Daniel et al., 2004) and anti-H3 (Millipore 07-690), followed by incubation with DYNAL magnetic beads (Dynabeads Protein G; Invitrogen). ChIPed DNAs were washed and reverse crosslinked according to the Affymetrix Chromatin Immunoprecipitation Assay Protocol Rev.3. An aliquot of untreated sonicated chromatin was also reverse crosslinked and used as total input DNA control. For qPCR, reactions were performed using Applied Biosystems TaqMan PCR reagents and custom TaqMan primers and probes targeted to promoter and 3 0 untranslated region of TOC1 (Table S1) . A CFX96 Real-Time PCR detection system (BioRad) and its interface software were used to analyze the data. For qualitative PCR analysis, amplification was performed with 32 cycles with annealing temperature at 53 C. PCR primers used were listed in Table S2 . PCR products were resolved on a 2% agarose gel and stained with SYBR green.
RNA Extraction and Quantitative RT-PCR
Total RNA from 8-day-old Arabidopsis seedlings harvested at the indicated times in LL was extracted with the RNeasy plant mini kit (QIAGEN). Reverse transcription using random hexamer primers was performed using TaqMan reverse transcription reagents (Applied Biosystems) according to the manufacturer's protocol. Quantitative PCR reactions were performed using Applied Biosystems TaqMan PCR reagents and TaqMan gene expression probes for
, and COP10 (At02246513_g1). RT products from RNA samples without adding reverse transcriptase were used as negative controls. A 7900HT Fast Real-Time PCR system (Applied Biosystems) and its interface software were used to analyze the samples and data. Transcript expression levels were normalized to 18S.
Hypocotyl Length and Flowering Time Measurements
For hypocotyl measurements, at least 20 seedlings of the same genotype were scanned on a flatbed scanner and the hypocotyl lengths were measured using the ImageJ software (NIH). Flowering time measurements, as determined by the number of rosette leaves at bolting, were carried out as described previously (Wang and Tobin, 1998) .
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